Colloidal semiconductor nanocrystals (NCs), also known as colloidal quantum dots (QDs) due to their size-tunable optical and electronic properties, are highly appealing for applications in light-sensing devices operating in the visible,^[@ref1]−[@ref4]^ as well as in the near- and mid-infrared (IR),^[@ref5]−[@ref16]^ spectral regions. In particular, QD-based photodetectors that operate in the IR region beyond wavelengths of 1000 nm have no equivalent Si-based counterparts. This has stimulated an immense interest in the development of IR-active NCs, including in their synthesis, surface functionalization, as well as their optical and electronic properties in colloidal solutions and in thin films.^[@ref17]−[@ref20]^ Despite the general notion that colloidal NCs are easy to process into devices by solution-based techniques (including spray-, spin-, dip- or drop-casting), a common obstacle of this approach is the presence of bulky organic capping ligands on the NC surface after synthesis, which block the interparticle transport rendering all NC solids highly insulating. Thus, an additional step of ligand-exchange is required in order to improve charge transport, which can be carried out either after the film deposition by a so-called solid-state ligand exchange with small organic molecules,^[@ref15],[@ref21]−[@ref31]^ or in solution-phase before the deposition of the NCs.^[@ref8],[@ref32]^ Solution-phase ligand-exchange with butylamine has led to the first observations of very high responsivities of up to 10^3^ A/W and a detectivity of 1.8 × 10^13^ Jones in PbS NC solids.^[@ref8]^ Solid-state ligand-exchange strategies have received the greatest attention over the past decade and led, for instance, to the first examples of NC solids with electron mobilities reaching 1 cm^2^/(V s) and above,^[@ref25],[@ref28],[@ref30],[@ref33]^ efficient IR photodetectivities (PbS and HgTe NCs),^[@ref10],[@ref32]^ and, very recently, record-high power conversion efficiencies of 8% in QD photovoltaics.^[@ref34],[@ref35]^ In the last several years, a clear trend toward the use of small *inorganic* capping ligands has been observed, in both solid-state and solution-phase adaptations of ligand-exchange reactions.^[@ref36]−[@ref50]^ Inorganic ligands are generally nonvolatile and are expected to yield stable, electronically pure NC solids with efficient and tunable electronic connectivity between NCs. Various atomic and complex anionic species can serve as inorganic capping ligands: halides (I^--^, Br^--^, Cl^--^)^[@ref40]−[@ref42]^ and pseuodohalides (N~3~^--^, OCN^--^, SCN^--^),^[@ref47],[@ref49]−[@ref51]^ metal-free chalcogenido, oxo- and amido species (S^2--^, HS^--^, Se^2--^, HSe^--^, Te^2--^, HTe^--^, TeS~3~^2--^, OH^--^, NH~2~^--^),^[@ref39],[@ref44],[@ref52]−[@ref56]^ oxo- and polyoxometallates,^[@ref57],[@ref58]^ halometallates (such as CH~3~NH~3~PbI~3~),^[@ref36]^ and chalcogenidometallates (Sn~2~S~6~^4--^, In~2~Se~4~^2--^, or Cu~7~S~4~^--^ , AsS~3~^3--^, *etc.*).^[@ref37],[@ref38],[@ref43]−[@ref46],[@ref55],[@ref59]−[@ref61]^ Solution-phase or solid-state treatments of NCs with halide ions, providing partial surface coverage, have been reported by several groups,^[@ref40]^ leading to improved electronic passivation of semiconductor NCs, higher oxidative stability and high power conversion efficiencies in PbS NC-based photovoltaics of 6--7%.^[@ref62],[@ref63]^

Of all aforementioned inorganic ligands, chalcogenidometalates have received the greatest attention due to their (for most cases) stronger binding affinity to NC surfaces, including metals (Au, Pd) and semiconductors (CdSe, PbS, InAs, InP, *etc.*), leading to fast and complete exchange of the native organic capping molecules. In highly polar solvents such as water or formamide (FA), these colloids are electrostatically stabilized due to the adsorption of anionic ligands onto the NC surface and electrostatic dissociation of counterions. With the integrity and size-tunable optical properties of NCs fully preserved, these colloids serve as highly pure (oxygen- and carbon-free) all-inorganic inks for depositing useful solid-state materials. Charge transport in solids comprising such all-inorganic NCs is greatly improved and high (for NC solids) electronic mobilities of 5--35 cm^2^ V^--1^ s^--1^ are now routinely obtained.^[@ref1],[@ref44],[@ref50],[@ref52],[@ref61],[@ref64]−[@ref66]^ These colloids have served as fully inorganic inks for solution-deposited CuInS~2~, Cu(In~1--*x*~Ga~*x*~)Se~2~ and Cu~2~ZnSn(S,Se)~4~ (CZTS) phases in applications as thin-film absorbers for photovoltaics.^[@ref43],[@ref67]^ Similar chemistries have enabled the preparation of ionically conductive composites of Ag~2~S NCs embedded into a GeS~2~ matrix,^[@ref68]^ and Sb~2~Te~3~-based nanocomposites for thermoelectrics,^[@ref69],[@ref70]^ as well as the integration of highly luminescent PbS/CdS NCs into fully inorganic IR-transparent matrices.^[@ref45]^

Surface chemistry has a profound effect on nearly all electronic and optical characteristics of colloidal NCs, including electronic coupling/charge transport, doping levels and charge carrier trap states, luminescence lifetimes, *etc.*([@ref1],[@ref2],[@ref7],[@ref8],[@ref15],[@ref21],[@ref23]−[@ref25],[@ref36],[@ref38]−[@ref42],[@ref44]−[@ref46],[@ref52]−[@ref54],[@ref71]−[@ref76]) Therefore, it is not a surprise that essentially all aforementioned reports on photoconductivity in NC solids have illustrated an intimate relationship between the photoconductive properties (responsivity, detectivity, rate-capability, *etc.*) and the surface chemistry. So far, very little is known about the photoconductive properties of inorganic-capped NCs. High photoconductivity in the visible spectral region has been reported for In~2~Se~3~-capped CdSe/CdS colloidal NCs, with detectivities reaching 10^13^ Jones.^[@ref77]^ The only report dealing with IR photodetectors with fully inorganic NC surface design has concerned HgTe NC films treated with As~2~S~3~ solutions in propylamine.^[@ref7]^ These films were reported to provide only a moderate responsivity of 5 mA/W, but over a very long wavelength range of up to 3.8 μm.

In this study, we explore the potential of inorganic-ligand-capped semiconductor NCs for light detection in the IR spectral region. To achieve the broadest context within the existing work in this field, the "classic" IR QD material, PbS NCs, was employed, also to take advantage of its compelling properties such as precisely tunable bandgap energies in the near-IR spectral region and high oxidative stability. PbS NCs have been combined with (NH~4~)~3~AsS~3~ (ammonium thioarsenite or ammonium sulfidoarsenite) as the inorganic capping ligand. Sulfido-arsenites have been previously identified as the chalcogenido-based ligand with the highest binding affinity to the PbS surface.^[@ref37]^ In comparison to Na^+^ and K^+^ sulfide-arsenite salts, the ammonium analogue, (NH~4~)~3~AsS~3~, can serve as a thermally degradable ligand, yielding arsenic(III) sulfide (As~2~S~3~) upon heating to 100 °C and above.^[@ref45]^

We report that thin films of As~2~S~3~-capped PbS NCs, obtained under ambient air conditions by dip-coating from (NH~4~)~3~AsS~3~--PbS NC colloids, exhibit outstanding responsivity and detectivity of more than 200 A/W and 1.2 × 10^13^ Jones, respectively, at IR wavelengths of around 1300 nm. Through a specially designed set of time-resolved optoelectronic experiments, the important role played by the carrier trap states, presumably localized on the arsenic-sulfide surface coating, has been uncovered. We also propose a kinetic model for trap state filling that consistently describes the experimental photoconductivity transients at various intensities of the excitation light.

Results and Discussion {#sec2}
======================

Colloidal NCs of PbS capped with oleate ligands were synthesized using the well-known procedure of Hines *et al.*([@ref78]) (NH~4~)~3~AsS~3~-capped NCs were produced *via* a solution-phase ligand-exchange reaction, as previously described^[@ref45]^ (see [Methods](#sec4){ref-type="other"} section for details). An optical absorption spectrum of PbS NCs stabilized with (NH~4~)~3~AsS~3~ and dispersed in dimethyl sulfoxide (DMSO) is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The spectrum exhibits an excitonic peak at 1260 nm, characteristic of a mean particle size of 4.3--4.4 nm.^[@ref79]^ Thin films of PbS NCs were then obtained by dip-coating. A glass substrate was immersed into a DMSO solution of PbS NCs and pulled out with a speed of about 2 mm/s, followed by a drying step performed for 10 min at 130 °C, leading to the absorption of 2--3 monolayers of PbS NCs. This elevated temperature also induced the decomposition of the surface-bound (NH~4~)~3~AsS~3~ into amorphous As~2~S~3~ (arsenic(III) sulfide).^[@ref45]^ For this reason, we refer to the thus-obtained thin film material as "As~2~S~3~-capped PbS NCs" or "PbS/As~2~S~3~" to highlight the differences between the thin surface films of As~2~S~3~ after dip-coating and the initial (NH~4~)~3~AsS~3~ capping agent in solution. The procedure was repeated 20 times in order to obtain films with an optical density between 1 and 1.5 at the excitonic peak, which we found to be optimal for IR photoconductivity measurements. The absorption spectrum of a 20-layer thick film is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The spectrum shows an excitonic peak at 1360 nm, considerably red-shifted and broadened in comparison to the excitonic absorbance measured in solution. Such behavior is commonly reported in films of PbS NCs with small-molecule ligands, and has been attributed either to an effective electronic coupling between NCs,^[@ref1],[@ref72]^ or to an increase of disorder combined with partial agglomeration in the film.^[@ref7]^ Very dense packing, with NC-NC spacings of less than 1 nm can be seen by transmission electron microscopy (TEM) in a single layer of PbS NCs with a size of 9 ± 1 nm, deposited onto a carbon-coated TEM grid ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). This distance between NCs is notably shorter than the 2--2.5 nm spacing between NCs capped with long-chain oleate ligands. A detailed inspection of TEM images ([Figures S1a--d, Supporting Information](#notes-1){ref-type="notes"}) also indicates larger interparticle gaps and voids, which are presumably filled by As~2~S~3~. Cross-section scanning electron microscopy (SEM) images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) of a 20-layer film indicate a uniform thickness of *ca*. 500 nm. For studying the photoconductive properties, identical films were deposited onto interdigitate electrodes deposited onto glass substrates (40 nm Au on 10 nm Ti, the total length of the electrodes is 8 mm, the gap between the electrodes was either 5 or 10 μm, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The photoconductivity and detectivity of the devices were measured as described in the [Methods](#sec4){ref-type="other"} section. All experiments, from synthesis to device characterization, were conducted in air.

![Photodetector preparation and characteristics. (a) Absorption spectra of a DMSO solution (black) and 20 layer thick film (red) of PbS NCs capped with AsS~3~^3--^ ligands. The inset shows a model sketch of a PbS NC with attached AsS~3~^3--^ ligand groups. (b) TEM image of a monolayer of PbS NCs capped with As~2~S~3~. (c) SEM cross-sectional image of a 20 layer PbS/As~2~S~3~ film, deposited on glass substrate for photoconductivity measurement. The inset shows a sketch of the substrate with an interdigitated gold electrode, covered by a PbS/As~2~S~3~film. (d) Responsivity (black) and product of EQE and gain (red) spectra for a 20 layer PbS/As~2~S~3~ film. The arrow indicates the excitonic peak for which the detectivity value is given. The inset shows the IV characteristics of the same sample.](nn-2014-067478_0002){#fig1}

The inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d presents I--V dependencies in darkness and under illumination with white light. In darkness the conductivity of the sample is 2 × 10^--6^ S/cm, and it increases by 2 orders of magnitude under illumination with an intensity of 20 mW/cm^2^. With the measured carrier mobility (mobility measurements are described in detail below) these conductivity values correspond to hole concentrations of 8 × 10^14^ cm^--3^ in darkness and 4.5 × 10^16^ cm^--3^ under light. The spectral response curve ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) was obtained with a bias of 60 kV cm^--1^ under illumination with monochromatic light with an intensity of about 15--30 μW/cm^2^. The responsivity spectrum, measured at a modulation frequency of 1 Hz, closely reproduces the features of the absorption spectrum in that there is an excitonic peak at a wavelength of 1350 nm. In addition, there is a shoulder toward longer wavelengths in both absorbance and photoconductivity spectra. At the excitonic peak, the responsivity reaches 230 A/W for an illumination intensity of 30 μW/cm^2^ and increases to *ca*. 450 A/W when the light intensity is reduced to below 1 μW/cm^2^. The measured noise of the sample was 5 pA·(Hz)^1/2^ with which a very high detectivity of 1.2 × 10^13^ Jones has been estimated. At low illumination intensities on the order of nW/cm^2^, the responsivity reaches 10^3^ A/W. These high photoresponse values point to a high product of external quantum efficiency (EQE) and photoconductive gain (G). Obviously, the EQE cannot exceed unity except in the case of multiexciton-generation contributing to photocurrent, which is efficient only when the ratio of photon-to-bandgap energies exceeds 2.5--2.7.^[@ref80]^ We therefore estimate that a high photoconductive gain of ∼200 induces the high sensitivity of the detectors and is caused by the existence of only one type of mobile carriers (holes, as will be shown) and the trapping of the other type of carrier.

To investigate carrier trapping and carrier-escape-dynamics, we performed a wide range of frequency dependent and time-resolved experiments. With increasing modulation frequency, the photoconductivity, measured under monochromatic illumination (λ = 1440 nm) from an IR light-emitting diode (IR LED), monotonically decreases with increasing light modulation frequency ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The detectivity, in turn, shows a maximum between 200 and 300 Hz since the noise decreases with increasing frequency ([Figure S2](#notes-1){ref-type="notes"}) faster than the photoresponse signal. Thus, the best signal-to-noise ratio of the PbS-As~2~S~3~ film is found in a frequency region which is useful for video imaging applications. By recording transient photocurrent traces excited by pulses of the IR LED of different durations, a rather unusual behavior is observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). It can be seen that the decay time of the photocurrent transients strongly depends on the duration of the excitation pulses; the longer the excitation pulses are, the longer the relaxation time is. Interestingly, at higher illumination intensities the higher light fluency results in drastically different behaviors. Namely, for relatively short light pulses (*t*~pulse~ ∼1 ms) the decay time is found to be almost independent of light intensity (see [Figures S3 and S4](#notes-1){ref-type="notes"}). Further, for long pulses (*t*~pulse~ \>100 ms) the decay time decreases with increasing light intensity. Thus, the observed decay time obviously depends on the fluency or the number of absorbed photons, rather than only on the light intensity.

![Modulated photoconductivity experiments. (a) Responsivity (black) and detectivity (red) measured at a wavelength of 1300 nm as a function of modulation frequency. (b) PC transients at a wavelength of 1300 nm, for light pulses durations in between 50 μs and 50 ms.](nn-2014-067478_0003){#fig2}

To understand this behavior, we have performed further experiments to study the photoconductivity (PC) response of As~2~S~3~-capped PbS QDs after light absorption. We applied several time-resolved techniques, time-resolved photoluminescence, pump--probe ([Figure S5](#notes-1){ref-type="notes"}) and photoinduced absorption ([Figure S6](#notes-1){ref-type="notes"}), in order to reveal the nature of the nontrivial pulse-width dependence of the PC.

First it is noted that the photoluminescence (PL) intensity of the PbS NC films with As~2~S~3~ capping is strongly reduced compared to films with oleate capping. The PL spectrum shows a single excitonic peak and the PL cutoff on the long wavelength side of the spectrum is identical to that observed for films of oleate capped NCs ([Figure S7](#notes-1){ref-type="notes"}). The shaded portion of the emission spectrum in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a was studied by transient PL spectroscopy. For the oleate-capped PbS NCs, a monoexponential decay is observed with a time constant of 60 ns, whereas with the inorganic ligands a substantially faster and biexponential decay occurs, described by two decay times of 500 ps and 2.5 ns. We ascribe this PL quenching to a fast transfer of one of the photoexcited charge types from the PbS NCs to interfacial trap states. This charge trapping is apparently significantly faster than radiative recombination within the NCs. Since the field-effect transistor (FET) measurements discussed in further detail below provide p-type conductivity for both the intrinsic and light induced charge transport, which is presumably due to the known p-doping effect of atmospheric oxygen,^[@ref1],[@ref23],[@ref39],[@ref42],[@ref51]^ it can be deduced that electrons are the trapped type of carriers.

![Carrier dynamics. (a) Time resolved fluorescence traces of oleate-capped PbS NCs (black) and As~2~S~3~-capped PbS NCs (red). The portion of the PL spectrum used for the time-resolved experiment is shaded in the PL spectrum, shown in the inset. Pump--probe trace for PbS/AsS~3~^3--^ film recorded with a probe at 1440 nm. Black points, experiment data; red curve, exponential fit. Inset: PIA spectrum of a PbS/As~2~S~3~ film. The red point indicates the probe-wavelength from the transient experiment.](nn-2014-067478_0004){#fig3}

With transient photoinduced absorption (PIA), the opposite process was studied: namely, the escape of the electrons from the trap states. By steady state PIA of the As~2~S~3~-capped PbS QDs, a photoinduced bleach of the PbS excitonic transition is observed as a main feature ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The intensity of this bleaching is also related to the time the electrons reside at these states (referred to herein as the trap state escape time). We directly measured the escape time by a pump--probe experiment where the sample was pumped by 10 ps laser pulses at λ = 1064 nm and probed by electronically synchronized LED pulses at λ = 1440 nm (see the experimental setup in [Figure S5](#notes-1){ref-type="notes"}). The probe pulse duration was 10 μs, and the delay time was varied between 0 and 500 μs. The pump--probe transient in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the recovery of the photoinduced bleaching. It is fitted by an exponential function with a single rise time of τ = 90 μs. This value is on the same order of magnitude as the shortest values observed by the transient PC measurements shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, indicating that the trap state escape time, measured here by pulsed pump--probe experiments, is a relevant parameter which determines the dynamics of the PC signals.

A high photoconductive gain was previously explained by surface trap states that appear on PbS due to partial oxidation.^[@ref76]^ Similar trap states also appear after ligand exchange with short organic,^[@ref73]^ or inorganic molecules,^[@ref40],[@ref46]^ when the PbS NCs lose their passivating oleate capping layer. The energy distributions of these trap states were investigated by the temperature dependences of PC transients,^[@ref74]^ and by mid-IR pump--probe experiments.^[@ref40]^ From pump--probe measurements the trap states were determined to be 0.1--0.3 eV below the PbS NCs conduction band, with a wide distribution over energy. Here the trap state distribution is investigated for the first time for inorganic chalcogenidometalate ligands. Photoinduced absorption spectroscopy was chosen as the experimental technique, where the optical density of the As~2~S~3~-capped PbS QD film was modulated by state filling effects, due to excitation by laser irradiation at a wavelength of λ = 532 nm, far above the band gap. In particular, we recorded the complex value of the modulated absorption response ([Figure S6](#notes-1){ref-type="notes"}) including magnitude and phase information. We used different modulation frequencies (80 Hz and 20 kHz) to discriminate between fast responding QD-states and slower responding trap states. The fast component measured at 20 kHz exhibits a peak which is close to the excitonic absorbance maximum of the same film. The phase of the PIA response shows an almost rectangular shape, where the abrupt step between 180° and 0° indicates the transition between photoinduced bleaching and photoinduced absorbance. The abruptness of this transition, while all other regions are rather flat, indicates that the response of all involved transitions is faster than the time given by the modulation frequency (*i.e.*, 50 μs). The PIA spectrum measured at 80 Hz (shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) is broader than the spectrum measured at 20 kHz and this broadening expands toward longer wavelengths. This is because the spectrum with 80 Hz modulation is more sensitive to slow responding states, whereas a modulation of 20 kHz acts like a high-pass filter. Thus, the response of the slow component can be extracted from the data by subtracting the 20 kHz data from the 80 Hz data, providing us the magnitude and phase of the slow components only (green line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). The magnitude of the slow component represents the density distribution of the trap states. While the large width of this trap state distribution function covering wavelengths between 1350 and 1600 nm does not allow one to specify the exact nature of the trap states, we can rule out that they are generated solely by partial oxidation since oxidation results in substantially deeper trap states (see [Figure S8](#notes-1){ref-type="notes"}). Remarkably, the sign of the slow component is always negative (the phase is higher than 90°) and thus the photoinduced bleaching is caused by the transient population of trap states by electrons. The absorbance modulation due to laser excitation induced trap state filling amounts to approximately 1% of the linear absorbance measured at these wavelengths. The phase signal of the trap state photoinduced absorbance exhibits a clear trend: with increasing wavelength, the corresponding phase is increasingly delayed behind the excitation pulse. This phase delay can be directly recalculated as a time which can be interpreted as the lifetime of the electrons in the trap states, or, in other words, as their escape time:This is shown as green points in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Similar phase delays were also observed in the photoconductivity experiments ([Figure S9](#notes-1){ref-type="notes"}). From the latter experiments, the escape times calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} correspond to the photoconductive states, presented as blue points on [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. We must note that the modulation method allows the extraction of characteristic times, which are grouped by 1 order of magnitude around the modulation period. For the frequencies used (∼100 Hz), characteristic times between 1 and 100 ms are deduced. This is the reason why the escape times deduced from the photoconductivity spectrum (120 Hz modulation frequency) show two different dependencies. Between wavelengths of 1550 and 1750 nm, a continuous increase of escape time with wavelength is observed on logarithmic scale. Toward shorter wavelengths, however, this dependence diverges since the experimental data reach the lower limit of the time window provided by the 120 Hz modulation technique. The data for the escape times deduced from the slow components of the PIA experiments level off at an even higher value since all of the fast components were removed by the subtraction used to generate these data. For escape times longer than 10 ms, however, a good agreement between escape times from PC and PIA experiments is found. Within this time range, the deduced electron lifetimes in the trap states can be compared to the theoretically predicted dependence of trap lifetimes as a function of trap energy:^[@ref81]^This comparison is shown by the dashed line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and in Arrhenius form with the trap state binding energy on the *x*-axis in [Figure S10](#notes-1){ref-type="notes"}. As shown, [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} fits well to the escape times deduced from photoinduced absorption and transient photoconductivity between 10 and 100 ms. The trap state binding energy, Δ*E*, is measured here with respect to the exciton-energy, or in other words, to the peak of the fluorescence. For traps with binding energies below 100 meV (wavelengths below 1550 nm) the electron escape time is below the resolution of the PIA and transient PC setup. Therefore, for the estimation of the electron lifetime in shallow traps, we applied the pump--probe method described above and detailed in the [Methods](#sec4){ref-type="other"} section. The photoinduced absorption transient measured at a wavelength of 1440 nm, corresponding to a trap binding energy of 40 meV, provides a trap state escape time of about 90 μs. Again, this fits very well to the thermal relationship between electron escape time and trap state binding energy described by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [S10](#notes-1){ref-type="notes"}).

![Trap states: distribution and lifetimes. (a,b) PIA amplitude and phase spectra, measured at two light modulation frequencies (80 Hz, black; 20 kHz, red). The difference between these spectra shown in green corresponds to the slow component of the PIA and represents the product of trap density distribution *N*(λ) and light absorption cross-section σ(λ). (c) From (b) and [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} the electron trap state escape time distribution is calculated (green). The same time evaluated from the PC response phase of [Figure S9](#notes-1){ref-type="notes"} is given in blue. The dashed line represents [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and the same data are shown on [Figure S10](#notes-1){ref-type="notes"} on a Arrhenius plot. The lifetime deduced from the pump--probe experiment, red point, fits well to the prediction of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.](nn-2014-067478_0005){#fig4}

The set of experimental data described above gives clear evidence as to the origin of the high photoconductive gain observed in the As~2~S~3~-capped PbS NCs films. Upon photoexcitation of an electron--hole pair, the electron quickly becomes trapped ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), giving the hole the possibility to contribute to the photocurrent until the electron escapes from the trap state and recombines with the hole. Thus, the photoconductivity is proportional to the number of trapped electrons; however, each trapped electron contributes to the photoconductivity differently, according to its escape time. This dependence has to be considered to account for the intensity dependence of the photoconductivity transients, which is observed in the response to light pulses *I*(*t*) (*I*(*t*) = *I*~0~ for a time interval between −*t*~*p*~ and 0, and *I*(*t*) = 0 otherwise).

![Carrier dynamics model and fit to experiment. (a) Sketch of energy diagram where the arrows describe light absorption A, electron trapping (time constant τ ∼ 500 ps) and escape (arrows with time constant τ 0.1 ms to 0.5 s) from trap states with different binding energies. (b) Photoconductivity decay transients after light pulses with various durations. The symbols are the experimental data from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, whereas the lines are fits obtained with [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}.](nn-2014-067478_0006){#fig5}

To calculate the photoconductivity transients, the number of trapped electrons has to be evaluated. This is performed here by an expanded two level rate equation model with a common ground state and a set of independent excited states. The excited states are grouped into subsets of states providing the same electron escape time, τ. The total number of electrons in the excited states per time interval d*t*, d*n*~excited~, is provided by photon absorption, and is thus described by the absorption cross section, σ by the light intensity, *I*(*t*), and the number of electrons in the ground state, *n*~ground~. (d*n*~excited~ = *I*(*t*)σ*n*~ground~ d*t*). These electrons are distributed among the subsets of electronic states according to the trap state density distribution function, *N*(τ), *via* the approximate relationship: d*n*~trapped~(τ) ≈ d*n*~excited~*N*(τ). Assuming that the excited states are noninteracting, the carrier escape from each subset of trap states follows: −d*n*~trapped~ = (1/τ)*n*~trapped~ d*t*. This provides a linear differential equation for *n*~trapped~(*t*) and the approximate analytical solution is given in [Supporting Information](#notes-1){ref-type="notes"} (eqs S1--S7) for a given value of *τ.* The photoconductivity signal is then obtained by integrating over the number of electrons in all excited states, *i.e.*, over all subsets with different trap state escape times. Within the time interval of the light pulse, this integral is given bywhere τ~1~ and τ~2~ are the extremes of the experimentally measured electron escape times from the trap states (100 μs and 0.5 s). The trap state distribution function *N*(*E*) was experimentally determined from the frequency dependent PIA experiments as a function of the trap state binding energy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), which can be easily rewritten into a trap state escape time dependence *N*(τ) ([Figure S11](#notes-1){ref-type="notes"}) by making use of their relation to each other, provided by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. Inserting this result into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} describes the measured data well at low light intensities. However, under intense illumination, the fact that the total number of trap states is finite becomes important since it results in saturation effects. The photoinduced bleaching measured by PIA experiments is caused by saturation and we include it in the mathematical description by a phenomenological term,^[@ref82]^ which in this case depends on two parameters: the saturation intensity, *I*~sat~, and a saturation relaxation time, τ~sat~. Thus, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is modified toThis is an appropriate expression to fit the experimental photoconductivity transients for various intensities. Here, it is taken that each subset of excited states provides different saturation intensities. This dependence of the saturation energy is described by the saturation term: exp(−(τ/τ~sat~)^1/2^). This reveals that the longer the electron escape time is, the more easily the corresponding optical transition can be bleached. The particular shape of this function was obtained from a fit of the long-living tail of the trap state distribution *vs* lifetime, presented in [Figure S11](#notes-1){ref-type="notes"}. Since the saturation term affects predominantly long-living traps, only under excitation with long pulses were saturation effects observed, whereas for short pulses they were completely absent. In [Figure S12](#notes-1){ref-type="notes"} it is seen that [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} provides a reasonably good fit of the rising part of the photoconductivity transients measured with either 1 or 100 ms long light pulses and an intensity of 40 mW/cm^2^ and 0.4 W/cm^2^, respectively. These fits also provide the two fit parameters: the saturation intensity, *I*~sat~ = 70 W/cm^2^, and the saturation lifetime, τ~sat~*=* 0.5 ms.

For the decay part of the photoconductivity transients (*t \> 0*), we used the same set of equations describing the expanded two level system. However, in this case, as a starting point of the decay curve, the number of occupied trap states at the time of the pulse end (*t* = 0) must first be evaluated for each electron escape time *τ,* which can obtained by using [eq S7](#notes-1){ref-type="notes"}:After the light pulse is over, the number of trapped electrons exponentially decays from each subset of trap states according to its escape time, τ. Again, the photoconductivity is obtained by integrating the electron densities over all subsets d*τ*:This expression provides consistent fits for all decay parts of the photoconductivity transients shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, measured for light pulse durations between 50 μs and 100 ms (shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b on a logarithmic scale). Qualitatively, it reproduces the experimentally observed increase of the photoconductivity decay time with increasing light pulse duration. Quantitatively, the fits are better for short light pulses whereas the errors increase slightly with increasing light pulse duration. In this respect, some refinements of the simple model applied here might be possible.

While the *photoconductivity provides the product of quantum efficiency and photoconductive gain*, the value of the latter is rarely directly determined. The photoconductive gain is known to be the ratio between the escape time of the trapped carriers and the transit time of the mobile carrier type: *G* = τ/*t*~tr~. While the escape time was determined above by several methods and was shown to depend on the binding energy of the trap states, the transit time has to be determined independently from mobility experiments, *viat*~tr~ = *L*^2^/(μ*V*). Here, *L* is the sample length and *V* is the applied voltage. The mobility was determined from field-effect transistor measurements, performed directly on the photodetector samples. For that purpose, a top-gate was fabricated on the 500 nm thick As~2~S~3~-capped PbS NC film, consisting of a 20 nm dielectric layer of Al~2~O~3~ (deposited by atomic layer deposition) and a 50 nm thick Au electrode. The transistor characteristics in darkness and under white light illumination is presented in [Figure S13a,b](#notes-1){ref-type="notes"}, respectively. p-type conductivity is shown in both darkness and under illumination (20 mW/cm^2^). The mobility values were determined from the linear part of the transfer characteristics, following the method described elsewhere.^[@ref83]^ The obtained hole mobilities of 0.016 (in darkness) and 0.034 cm^2^/(V s) (under illumination) correspond to transit times in the range of 3--6 μs.

To evaluate the gain value, where the trap escape times from the PIA experiments are used as the carrier lifetime, the trap escape time is averaged over the trap state distribution density (⟨τ⟩ = ∫*N*(τ)τ dτ/∫*N*(τ) dτ). A value of τ = 1.8 ms is obtained as a weighted average, which, together with the transit time from the FET measurements, provides a photoconductive gain value between 150 and 300. This value fits very well to the product of the optical gain and EQE (200), deduced from the responsivity spectrum in ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) at a wavelength of 1440 nm, which was applied in the investigation of the transient photoconductivity. While these values are relevant for low excitation intensities, with increasing intensity the averaged trap state escape time is decreased by saturation effects. This decrease is consistent with the deduced specific relaxation time parameter τ~sat~ from the transient photoconductivity experiments, which is considerably shorter than the averaged trap state escape time ⟨τ⟩ deduced at low intensities. Thus, with increasing light intensity, the gain decreases similarly as was reported in other NC photodetectors.^[@ref74]^ In addition, the strong increase of the responsivity with decreasing modulation frequency is consistently explained by the dependence of the photoconductive gain from the trap state lifetimes. As shown above, the longer the light pulses are, the longer the trap-state escape times can be. These long trap state escape times result in the extremely high photoresponsivity observed here at low modulation frequencies.

Conclusions {#sec3}
===========

Finding an appropriate ligand is of utmost importance for the optimization of NC films for light harvesting devices and photodetectors. Here, photoconductors made of PbS NCs capped with As~2~S~3~ thin layers *via* thermal decomposition of (NH~4~)~3~AsS~3~ were presented, exhibiting extremely high light responsivity and detectivity values of more than 200 A/W and 1.2 × 10^13^ Jones, respectively, in the IR spectral region (λ = 1300 nm). This high performance is enabled by a combination of high photosensitivity of the PbS QDs and effective charge transport. While the former is related to carrier trapping, which also causes the high response to be observed at low frequencies only, the latter is due to the inorganic capping that reduces the distances between NCs, and acts as an IR-transparent semiconducting matrix. Unlike the highly sensitive PbS NC based photoconductors prepared with short organic ligands^[@ref8]^, the photodetectors presented in this work were prepared, stored and measured in ambient air, where they showed stable operation over several months. On the basis of results from transient fluorescence, photoinduced absorbance, and photoconductiviy experiments, as well as complementary frequency dependent studies, a simple rate equation model was developed and was shown to be consistent with experiments. In addition, the trap state distribution function was deduced, which is not only an important part of the rate equation model, but is also required, for instance, to properly evaluate weighted average values of the electron trap state escape time. With this, and the carrier transit times deduced from field-effect transistor experiments, a realistic value of **200** for the photoconductive gain was deduced. Thus, the applied model is a powerful tool for describing photoconduction in NC devices, which are often governed by carrier trapping into states with a wide range of binding energies.

Methods {#sec4}
=======

Preparation of (NH~4~)~3~AsS~3~-Capped PbS NCs {#sec4.1}
----------------------------------------------

Colloidal oleate-capped PbS NCs were synthesized as described by Hines at al.^[@ref78]^ In a three-neck reaction flask, PbAc~2~ × 3H~2~O (2 mmol, 0.758 g, 99,99%, Sigma-Aldrich), octadecene (ODE,10 mL, techn. grade, Sigma-Aldrich) and oleic acid (10 mL, 90% Sigma-Aldrich) were dried at 120 °C under a vacuum for 1 h to dissolve lead salt and to dry the solution. The temperature was then raised to 145 °C. In a glovebox, a sulfur precursor solution was prepared by mixing bis(trimethylsilyl)sulfide (TMS~2~S, 0.21 mL, 1 mmol, Aldrich, synthesis grade) with dried ODE (10 mL). The sulfur solution was quickly injected into the reaction flask, which is kept at 145 °C. Three minutes later, the heating mantle was removed from the reaction flask and an ice--water bath was used to cool its content down to room temperature. The isolation and purification procedure was carried out in air. Hexane (20 mL) and ethanol (20 mL) were added to the crude solution, followed by centrifugation to separate the NCs. The PbS NCs were redispersed in hexane (20 mL), and precipitated again with ethanol (20 mL). This procedure was repeated 3 times and the PbS NCs were finally redispersed in toluene.

(NH~4~)~3~AsS~3~^[@ref45],[@ref84]^ was prepared by dissolving As~2~S~3~ (0.492 g, 99,999%, Alfa-Aesar) in a solution containing (NH~4~)~2~S (0.86 mL, 40--48% in water, Sigma-Aldrich) and 10 mL of H~2~O at room temperature, forming a colorless solution. Solid (NH~4~)~3~AsS~3~ was precipitated by adding acetone, isolated by centrifugation and rinsed with acetone. We note that (NH~4~)~3~AsS~3~ slowly decomposes to As~2~S~3~ at room temperature in the course of several days and therefore has to be freshly prepared before the use for surface functionalization of PbS NCs.

(NH~4~)~3~AsS~3~-capped PbS NCs were prepared as described in ref ([@ref45]): The formamide (FA) solution of (NH~4~)~3~AsS~3~ (10 mL, 5.5 mg/mL) and the toluene solution of oleate-capped PbS NCs (10 mL, 3 mg/mL) were combined and stirred in the same vial at room-temperature until the ligand exchange was complete (NCs are fully transferred in the FA solution and the toluene solution is clear after phase separation), which usually took 60 min. The FA phase was rinsed 3 times with hexane and then the particles were flocculated by adding acetonitrile (10 mL). (NH~4~)~3~AsS~3~-capped PbS NCs were redispersed in FA (2 mL), precipitated one more time, and redispersed in FA or DMSO (1 mL).

Deposition of the Films of As~2~S~3~-Capped PbS NCs for Photoconductivity Measurements {#sec4.2}
--------------------------------------------------------------------------------------

Substrates with interdigitated electrodes were prepared on glass substrates by optical lithography, thermal evaporation, followed by a lift-off process. The electrodes are films of Au/Ti with 40/10 nm thicknesses. The size of the gap between electrodes was varied between 5 and 20 μm and its total length was 8 mm. Shortly before depositing PbS NCs, the substrates were cleaned by sonication in acetone followed, by a treatment with an oxygen plasma. Solid films of As~2~S~3~-encapsulated PbS NCs were deposited by dip-casting. For that purpose DMSO solutions were used, in which the substrates were immersed and pulled out with a controlled speed of 2 mm/s. After each deposition step the substrates were dried for 10 min at 130 °C under ambient air. This procedure was repeated 20 times in order to deposit films of reasonable optical absorbance in the infrared region of the exciton transition. All reference samples were prepared in the same way.

Characterization Methods {#sec4.3}
------------------------

### Electron Microscopy {#sec4.3.1}

Transmission electron microscopy (TEM) images were recorded using a Tecnai F30 microscope operated at 300 kV. Carbon-coated copper TEM grids (type-B, Ted Pella) were used as substrates. For cross-sectional investigations of the NCs films the film was cut with focused ion beam (FIB) using Ga ions from a ZEISS 1540XB Crossbeam microscope. The cross section was polished by using subsequently decreasing beam currents down to 50pA (at 30 kV acceleration voltage).

### Photoconductivity {#sec4.3.2}

measurements were performed by illumination with a tungsten lamp, monochromatized by an Acton SP2150 (Princeton Instruments) spectrograph/monochromator. The light was modulated by a mechanical chopper within a frequency range from 2 to 120 Hz. Bias was applied by a Keithley 236 SMU with 10--20 V, chosen according to the stability of the dark current. The signal, amplitude and phase, was recorded by a Stanford Research lock-in amplifier. The setup was controlled by a home-written software in LabView. IV characteristics were measured by the Keithley 236 SMU with and without illumination of a tungsten lamp. Frequency dependencies (recorded on lock-in) and PC transients (recorded on a digital storage Tektronix TBS1102 oscilloscope) were obtained with a load resistance of 50 Ohm and pulsed focused illumination from a LED1300E (Thorlabs) with a center wavelength of 1300 nm. Noise measurements were performed by a lock-in amplifier according to the procedure described in ref ([@ref8]). In this case the sample was mounted in a metallic shielding box, and the bias was applied from a battery.

### Field Effect Transistors {#sec4.3.3}

For field-effect transistor (FET) experiments the photoconductivity sample with a 500 nm thick NC film was covered by a 20 nm top dielectric layer of Al~2~O~3~ and a 50 nm thick Au film as gate electrode. Transistor characteristics were recorded with grounded source: 2 Keithley 236 SMUs were used to control and measure current/voltages *via* gate and drain. Transistor characteristics were recorded in dark and under white light illumination with 20 mW/cm^2^.

### Absorption Spectra {#sec4.3.4}

of NC solutions were recorded with a Jasco V670 spectrophotometer, and from NC films with an Acton SP2150 spectrograph/monochromator and a tungsten lamp used for illumination.

### (Time Resolved) Photoluminescence {#sec4.3.5}

Steady-state PL spectra were recorded with an Acton SP2150 spectrograph/monochromator with an InGaAs femtowatt photoreceiver 2153 (Newport). For time-resolved measurements covering time scales up to the μs range we used a μ-PL setup with a microscope objective which is focusing the laser beam as well as collecting the PL signal emitted by the sample. The sample was excited by a pulsed laser with a wavelength of 657 nm, a pulse width \<200 ps and an average optical power of 150 μW. The time delayed PL signal was detected by a superconducting single photon detector (SSPD) from Scontel, operated at 1.8 K, which allows single photon detection with a quantum efficiency of approximately 12% (at λ = 1.31 μm) and a counting rate larger than 70 MHz. For acquisition of the decay curves the time-correlated single photon counting (TCSPC) system PicoHarp 300 by PicoQuant was used which records the arrival times of single photons detected by the SSPD relative to the excitation laser pulse times (start--stop times). The time resolution of the measurements presented in this work was 64 ps at an excitation pulse rate of 1 MHz.

### Pump--Probe {#sec4.3.6}

experiments were performed with a pump at λ = 532 nm, τ~*p*~ = 10 ps, *E*~*p*~ = 200 μJ, ν = 5 kHz, provided from a Duettino laser (Time Bandwidth), which was electronically synchronized with to the probe. The probe was provided by an IR LED, emitting at λ = 1440 nm, pulses with a duration of τ~*p*~ = 10 μs. The probe was recorded by a InGaAs photodiode. The probe was modulated with mechanical chopper in order to avoid drift artifacts. The signal was recovered with a SR830 (Stanford Research) lock-in amplifier. The synchronization and delay between pump and probe pulses were controlled by standard electronic pulse generator.

### Photoinduced Absorption {#sec4.3.7}

Induced by a CW diode pumped solid state (DPSS) laser, emitting at a wavelength of 532 nm, electronically modulated by square pulses in a frequency range between 40 Hz and 20 kHz. The absorbance was measured with light from a tungsten lamp, monochromized by an Acton SP2150 monochromator. Detected was the light by a liquid nitrogen cooled InGaAs detector. The laser modulated signal of the photoinduced absorption was collected by a SR830 Stanford Research lock-in. PL spectra were recorded in the same setup in order to evaluate the range of possible artifacts to the PIA spectrum due to emission, which does not exceed noise level in all spectra taken.
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Supporting Figures S1--S13 including HRTEM images, light intensity dependences of the photoresponsivity for short pulses, luminescence spectra, experimental setups for the PIA and pump--probe measurements, trap state distribution upon oxidation, photoconductivity phase spectra, trap state distribution and its approximation with a model function, transistor characteristics in dark and under illumination. Further, the solution of the rate equation is given in detail. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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